To investigate whether a BP-regulatory locus exists in the vicinity of the renin locus on rat chromosome 13, we transferred this chromosome segment from the Dahl salt-sensitive (S) rat onto the genetic background of the Dahl saltresistant (R) rat. In congenic Dahl R rats carrying the S renin gene and fed an 8% salt diet, systolic BP was significantly lower than in progenitor Dahl R rats: 127 Ϯ 1 mmHg versus 138 Ϯ 4 mmHg, respectively ( P Ͻ 0.05). Moreover, the decreased BP in the congenic Dahl R strain was associated with decreased kidney renin mRNA and decreased plasma renin concentration. These findings demonstrate that the Dahl S strain carries alleles in or near the renin locus that confer lower plasma renin concentration and lower BP than the corresponding alleles in the Dahl R strain, at least when studied on the genetic background of the Dahl R rat and in the environment of a high salt diet. The occurrence of coincident reductions in kidney renin mRNA, plasma renin concentration, and BP after interstrain transfer of naturally occurring renin gene variants strongly suggests that genetically determined variation in renin gene expression can affect BP. ( J. Clin. Invest. 1996. 97:522-527.)
Introduction
The renin-angiotensin system (RAS) 1 plays an important physiologic role in the regulation of BP. The genes coding for the components of the RAS, including renin, angiotensinogen, angiotensin-converting enzyme, and the angiotensin receptors, are all prime candidate genes for essential hypertension (1) . In studies in humans and animals, polymorphisms in or near genes of the RAS have been reported to be genetically linked or associated with effects on BP (2) (3) (4) (5) (6) (7) (8) (9) (10) . Because of the central role of the renin-angiotensin axis in controlling salt and water balance, gene variants in the RAS may also be important in determining individual differences in the BP response to NaCl loading.
In linkage studies in the Dahl salt-sensitive (S) rat, a widely studied model of salt-sensitive hypertension, Rapp et al. (2) found that a restriction fragment-length polymorphism in the renin gene cosegregated with effects on BP. In an F2 population derived from Dahl S and Dahl salt-resistant (R) rats, the BP of rats that inherited the renin allele from the hypertensive S strain was greater than the BP of rats that inherited the renin allele from the normotensive R strain. These linkage studies suggested that molecular variation in or near the renin gene might contribute to the greater BP in Dahl S versus Dahl R rats. However, plasma renin levels are lower in Dahl S versus Dahl R rats (11, 12) , and it is unclear how inheritance of the S renin allele would confer greater BP than inheritance of the R renin allele. Moreover, as noted by Rapp and colleagues, linkage studies in which a single genetic marker is found to cosegregate with a complex phenotype must be interpreted with caution (13, 14) . It is possible that the positive linkage results might reflect the hemodynamic effect of a gene linked to renin on chromosome 13 rather than renin itself.
In contrast to studies in segregating populations, chromosome transfer studies in congenic strains can be used to isolate chromosome regions that contain quantitative trait loci regulating BP and to test directly their importance in the pathogenesis of hypertension (14) (15) (16) (17) . To investigate whether a segment of chromosome 13 containing the renin gene of the Dahl S rat would promote increased BP when transferred into the Dahl R rat, we derived a congenic strain of Dahl R rats that is homozygous for the Dahl S renin gene. We found that the BP of the congenic Dahl R strain carrying the S renin gene is significantly lower than that of the progenitor Dahl R strain when studied in the environment of a high salt diet. Moreover, the lower BP in the congenic Dahl R strain carrying the S renin gene was associated with decreased expression of the renin gene in the kidney and decreased plasma concentration of renin. These findings demonstrate that the Dahl S strain carries alleles in or near the renin locus that confer lower levels of renin and BP than the corresponding alleles in the Dahl R strain, at least when studied on the genetic background of the Dahl R rat and in the environment of a high salt diet. ferred to as R) were initially obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN) in 1990. No additional Dahl S rats were introduced into the R congenic strain after 1990. Therefore, the problem of genetic contamination of the Dahl S strain that occurred after 1990 (18) does not affect the results of the current studies in the Dahl R congenic strain. However, subsequent transfer of the Dahl R renin allele onto the Dahl S genetic background had to be aborted because of genetic contamination of Dahl S rats supplied by Harlan Sprague Dawley.
The Dahl S renin gene was transferred into the R strain by backcross breeding combined with selection at multiple genetic markers polymorphic between the S and R progenitor strains. In the backcross progeny, we repeatedly selected for inheritance of the S renin gene and against inheritance of other S genes not on chromosome 13. This negative selection protocol served to accelerate production of the congenic line (17, 19, 20) . The progenitor Dahl R sex chromosomes were fixed in the N3 generation. After six generations of backcross breeding and selection using genetic markers, we intercrossed the animals to fix the S renin gene in the homozygous state and then verified the congenic status of the strain (see DNA typing studies). The new congenic line was designated SR/JrUcsf-Ren according to the nomenclature recommended by the Committee on Rat Nomenclature of the Institute of Laboratory Animal Resources (21).
DNA typing studies. Genomic DNA was isolated from tail tissue or fixed, dried blood samples. Renin genotyping was performed by testing three separate sites in the rat renin gene known to be polymorphic in the S and R strains using the following procedures: ( a ) Southern analysis of a BglII polymorphism generated by a 38-bp tandem repeat in the first intron (2, 3); ( b ) PCR amplification of a polymorphic HindIII site in the fifth intron (18, 22) ; and ( c ) PCR amplification of a CT microsatellite in the third intron (13) .
For purposes of genomic selection, we used DNA fingerprint analysis and PCR analysis of microsatellite markers scattered throughout the genome. DNA fingerprint analysis was performed by Southern blot analysis using oligonucleotide multilocus DNA fingerprint probes including the 33.6 and YNZ22 human minisatellite tandem repeat sequences (23) (24) (25) (26, 27) . Genotyping by PCR analysis of microsatellite markers was done using primers amplifying 30 polymorphic markers on 18 different chromosomes (including chromosome 13). The PCR primers used for genotyping were primarily those described by Jacob et al. (28) and were obtained from Research Genetics (Huntsville, AL) ( BP studies. At weaning, congenic R rats (seven male, eight female) and age-matched progenitor R rats (eight male, eight female) were fed an 8% NaCl (0.5% KHCO 3 ) diet (Harlan Teklad, Madison, WI). Beginning at 8 wk of age for males and 10 wk of age for females, pulsatile arterial pressure was measured in unanesthetized, unrestrained rats with indwelling radiotelemetry transducers connected to catheters implanted in the lower abdominal aorta (Data Sciences International, Inc., St. Paul, MN) (31) . Radiotelemetry pressure was recorded in 5-s bursts every 5 min during the day (6:00 a.m.-6:00 p.m.) and night (6:00 p.m.-6:00 a.m.) for 1 wk. From these data, a single daytime mean and a single nighttime mean were calculated for each rat for the week (after 55 d on the 8% NaCl diet for males and after 69 d on the 8% NaCl diet for females). The congenic and progenitor strains were studied concurrently to minimize the influence of technical or environmental factors on strain differences in BP.
In a separate study, we intercrossed congenic Dahl R rats that had been maintained in the heterozygous state with respect to the Dahl S and R renin alleles. This intercross generated congenic rats homozygous for the S renin allele and littermates homozygous for the R renin allele. Male rats in each group ( n ϭ 7) were fed a low salt diet (0.24% NaCl) from weaning to 11 wk of age, followed by a 2% NaCl diet from 11 to 13 wk of age. BP was measured by radiotelemetry from 10 to 11 wk of age on the low salt diet and from 12 to 13 wk of age on the 2% NaCl diet.
Kidney renin expression/plasma renin measurements. Nine male congenic R rats and 8 male progenitor R rats were fed a low salt (0.24% NaCl) diet beginning at weaning. At 11 wk of age, the rats were salt depleted by subcutaneous injection of furosemide, 7 mg/kg per d, for 2 d. Blood samples were collected for plasma renin concentration via an indwelling femoral artery catheter from resting rats between noon and 3:00 p.m. The rats were then anesthetized by intramuscular injection of 75 mg/kg ketamine and 10 mg/kg xylazine, and the left kidney was removed and frozen for RNA analysis. The rats were allowed to recover and were then fed a 2% NaCl diet for 12 d, after which time a second blood sample was obtained. The rats were then killed, and the remaining kidneys were collected for RNA analysis.
Total kidney RNA was extracted using a large-scale isolation kit (5 Prime-3 Prime, Inc., Boulder, CO). Kidney renin mRNA expression was analyzed by RNase protection assay using a renin cRNA probe prepared by transcription of a renin cDNA fragment cloned in pCR II (Invitrogen, San Diego, CA). The renin RNA probe was a 412-base probe containing 304 bases of rat renin cDNA spanning exons 3, 4, and 5 of the rat renin gene. To serve as an internal standard, a rat actin RNA probe was also transcribed using a commercially available antisense actin template (pTRI-␤ -I25-rat; Ambion, Inc., Austin, TX) that protects a 125-base actin RNA fragment. Renin and actin probes were transcribed using T7 polymerase (MAXIscript; Ambion, Inc.) and 50 Ci [
32 P]ATP (Amersham, Inc., Arlington Heights, IL).
RNase protection assays were performed using the Ribonuclease Protection Assay II kit (Ambion, Inc.). Briefly, for each rat, 70 g of kidney total RNA was hybridized overnight at 42 Њ C with both 32 P-labeled renin probe (8 ϫ 10 5 cpm) and 32 P-labeled actin probe (6 ϫ 10 5 cpm). Unhybridized probe and RNA fragments were removed by digestion with a 1:500 dilution of RNase A/RNase T1 mixture in RNase digestion buffer. After RNase inactivation and precipitation of the protected RNA fragments, samples were analyzed on a 5% denaturing polyacrylamide gel. Kidney renin mRNA expression was quantitated by scanning gels using a PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA) and calculating the percentage of kidney renin message relative to kidney actin message.
Plasma renin concentration was measured by radioimmunoassay as previously described and expressed as nanograms of angiotensin I generated per milliliter of plasma during a 2-h incubation with excess substrate at 37 Њ C and pH 6.5 (ng/ml per 2 h) (32) . Statistical analysis of the BP and renin data was performed using the Mann Whitney rank sum test. For purposes of data presentation, the results are expressed as means ( Ϯ SEM) rather than median values.
Results
Molecular genetic analysis of the congenic strain. DNA fingerprint and PCR analysis of microsatellite markers scattered throughout the genome confirmed that the congenic line was genetically identical to the Dahl R progenitor strain at all loci tested except for those on chromosome 13. Fig. 1 shows Southern blot and PCR gels demonstrating that the congenic R strain is homozygous for the S renin allele at two polymorphic sites in introns one and five in the renin gene. PCR analysis of a polymorphic microsatellite marker in the third intron of the renin gene also confirmed that the congenic strain was homozygous for the S renin allele (data not shown). Thus, the congenic strain has the same renin haplotype as the Dahl S strain. Because the Dahl S and Lewis strains have similar renin haplotypes (13), we tested markers flanking renin to confirm that the transferred chromosome segment was from a Dahl S rat and not from a Dahl S rat contaminated by the Lewis strain. PCR analysis of three additional chromosome 13 markers polymorphic between the Dahl S and Lewis strains ( D13Mgh4 , D13Mit2 , and D13Mgh7 ) (28) showed that, for each marker tested, the congenic strain was homozygous for the Dahl S allele.
To determine the size of the chromosome segment transferred from the Dahl S strain into the Dahl R genetic background, we genotyped the congenic strain for five polymorphic microsatellite markers flanking the renin gene on chromosome 13: D13Mit1 , D13Mit3 , D13Mit5 , D13n1 , and Syt2. We found that the size of the chromosome fragment transferred was ‫ف‬ 10 cM, estimated from the map distances of Jacob et al. (28) and Remmers et al. (30) (see Fig. 2 ).
BP measurements. BP was measured in Dahl R progenitor and congenic rats fed an 8% NaCl diet for 8-10 wk. Table I shows the average daytime and nighttime BPs in male and female rats of both strains. In both males and females, systolic BP (SBP) was significantly lower in the congenic strain than in the progenitor R strain. In males, diastolic BPs (DBP) tended to be lower in the congenic strain than in the progenitor strain, but the difference was not statistically significant. There were no significant differences in heart weight between the congenic R and the progenitor R rats (data not shown). Fig. 3 depicts the nighttime and daytime SBPs of congenic male R rats versus progenitor R rats during each day of the 7-d analysis period. The SBP of the congenic strain was significantly lower than that of the progenitor strain throughout the entire period of observation. BP was also measured in male rats fed low (0.24%) NaCl and moderate (2%) NaCl diets. On the 2% NaCl diet, both SBP and DBP in the congenic R rats carrying the S renin gene were significantly lower than in their R littermates carrying the R renin gene. The daytime mean SBPϮSEM was 118Ϯ2.4 mmHg in the congenic rats versus 126Ϯ2.2 mmHg in the progenitor R rats; nighttime mean SBPϮSEM was 121Ϯ2.2 mmHg in the congenic rats versus 131Ϯ2.9 mmHg in the progenitors, both differences P ϭ 0.01. The daytime mean DBPϮ SEM was 85Ϯ2.4 mmHg in the congenic rats versus 91Ϯ2.6 mmHg in the progenitor R rats; nighttime mean DBPϮ SEM was 86Ϯ2.3 mmHg in the congenic rats versus 93Ϯ2.7 mmHg in the progenitor rats, P ϭ 0.05 and 0.04, respectively. On the 0.24% NaCl diet, the SBP and DBP were not significantly different between the congenic and progenitor strains, although both SBP and DBP tended to be lower in the congenic strain than in the progenitor strain (daytime mean SBP/DBP was 117/83Ϯ2.9/2.8 mmHg in the congenic strain versus 123/ 86Ϯ1.7/1.7 mmHg in the progenitor strain; nighttime mean SBP/DBP was 120/86Ϯ2.8/2.6 in the congenic strain versus 126/90Ϯ1.7/1.8 mmHg in the progenitor strain).
Renin gene expression and plasma renin concentrations. To investigate possible differences in renin gene regulation between the congenic and progenitor strains, we measured kidney renin mRNA expression on both low and high salt diets. Fig. 4 shows kidney renin gene expression in congenic rats versus progenitor rats on low (0.24%) and high (2% NaCl) diets. On the low salt diet, kidney renin gene expression was similar in the congenic and progenitor rats. However, in congenic rats fed the 2% salt diet, kidney renin gene expression was significantly lower than in progenitor rats fed the 2% salt diet (P ϭ 0.01) (Fig. 5) .
To determine whether differences in kidney renin gene expression were paralleled by differences in plasma renin levels, we also measured daytime plasma renin concentration in the congenic and progenitor rats fed low and moderate salt diets. On the 2% NaCl diet, plasma renin concentration was significantly lower in the congenic versus the progenitor rats (P ϭ 0.04) (Fig. 6) . However, on the low salt diet, plasma renin concentration was not significantly different in the two strains.
Discussion
In humans and experimental animals, it is well recognized that pharmacologic manipulation of the RAS can affect BP. Studies in transgenic and gene-targeted animals have clearly demonstrated that artificially induced genetic lesions in the RAS can affect BP (33, 34) . Moreover, linkage and association studies suggest that naturally occurring molecular variants in genes of the RAS may be involved in the genetic control of BP (2-10). If so, transfer of naturally occurring RAS gene variants between animals might be anticipated to affect BP.
We found that transfer of a section of chromosome 13 from the Dahl S rat onto the genetic background of the Dahl R rat results in decreases in kidney renin gene expression, plasma Figure 4 . RNase protection analysis of kidney renin gene expression in representative progenitor and congenic Dahl R rats. Lanes 1-4 show kidney renin gene expression in two progenitor R rats. Kidney mRNA from each rat was analyzed first on a low (0.24%) NaCl diet (L) and then on a high (2%) NaCl diet (H). Lanes 5-8 show kidney renin gene expression in two congenic R rats carrying the S renin allele under similar conditions of low NaCl (L) and then high NaCl (H) feeding. Right margin indicates fragment size in base pairs. R, renin mRNA protected fragment. Figure 5 . Quantitative kidney renin gene expression in R rats and congenic R rats fed low (0.24%) and high (2%) NaCl diets. Solid bars represent progenitor Dahl R rats carrying the R renin gene (n ϭ 6); open bars represent congenic Dahl R rats carrying the S renin gene (n ϭ 7). Mean (ϮSEM) renin mRNA is expressed as a percentage of actin mRNA. The P value represents the significance result from a comparison of the two groups by the Mann Whitney rank sum test. renin concentration, and BP that can be detected in the environmental circumstance of a high NaCl diet. These findings demonstrate that the Dahl S strain carries a gene or genes on chromosome 13 that confer lower plasma renin and lower BP than the corresponding gene(s) in the Dahl R strain, at least when studied on the Dahl R genetic background and in the setting of a high NaCl diet. Transfer of this chromosome segment appeared to have a slightly greater effect on systolic pressure than diastolic pressure, suggesting that this region of chromosome 13 may contain genes with greater effects on arterial compliance or systolic function than on vascular resistance.
Because we manipulated a segment of chromosome 13 that contained the renin gene and genes linked to renin, the reductions in renin gene expression, plasma renin concentration, and BP cannot be definitively attributed to molecular variants in the renin gene itself. However, the results clearly demonstrate that the transferred segment of chromosome contains molecular variants with detectable effects on renin gene expression and BP. Thus, regardless of whether or not molecular variants in the renin gene itself or in genes linked to renin account for these findings, the current results are consistent with the hypothesis that genetically determined variation in the activity of the RAS may contribute to inherited variation in BP. Although it is possible that the transferred segment of chromosome 13 contains separate molecular variants that independently affect renin gene expression and BP, the simplest interpretation would involve molecular variant(s) that affect BP by way of effects on renin gene function. These alternative interpretations can now be further explored by pharmacologic studies in the congenic strains and by derivation of congenic sublines that carry smaller segments of chromosome 13 that isolate renin from other genes in this region.
In the congenic R strain carrying the S renin gene, BP and plasma renin concentration were lower than in the progenitor Dahl R strain. Thus, the reductions in plasma renin associated with the S renin gene cannot be secondary to an effect of BP. If anything, the reduced BP in the congenic strain would be expected to increase renin gene expression and renin secretion. In the Dahl S strain, plasma renin activity is lower than in the Dahl R rat, and it has been suggested that the decreased plasma renin activity in Dahl S rats is a consequence of their increased BP (12) . However, renin secretion from isolated perfused Dahl S kidneys is lower than that from isolated perfused Dahl R kidneys, even when the S and R kidneys are studied at identical perfusion pressures (35) . Thus, the current results and those obtained with isolated perfused kidneys imply that, in Dahl S rats, decreased renin levels may be related to genetically determined decreases in renin gene expression and are not just a consequence of hypertension. Sequencing studies have failed to reveal any significant differences in the renin cDNAs from Dahl S and Dahl R rats, and, therefore, the differences in renin gene function cannot be attributed to variations in coding sequence (36) . However, in the noncoding regions, these strains exhibit a number of sequence differences that could theoretically contribute to differences in renin gene expression (22) .
In linkage studies in the Dahl model, Rapp et al. found that the renin allele of the S strain cosegregated with increased BP relative to the renin allele of the R strain (2) . In contrast, we have found that the transfer of the Dahl S renin allele into the Dahl R rat is associated with a decrease in BP. Nevertheless, the previous linkage results are not necessarily at odds with our chromosome transfer studies in congenic strains. In previous linkage studies, the Dahl S renin allele was found to cosegregate with greater BP than the R renin allele when studied on the genetic background of the Dahl S rat, but not when studied on the genetic background of the Dahl R rat (37) . Thus, it is conceivable that a hypertensive effect of the S renin allele might be expressed only in conjunction with other S alleles that are not present in the R congenic strain. For example, the S renin allele might confer increased BP over the R renin allele only when studied in combination with the S angiotensinogen allele. This could be investigated by comparing the BP of a Dahl S rat to the BP of a congenic Dahl S rat that carries the renin allele of the Dahl R rat. Alternatively, one could compare the BP of a Dahl R rat with that of a double congenic strain that carries both the S renin allele and the S angiotensinogen allele on the genetic background of the Dahl R rat.
In addition to possible interaction between the renin gene and genetic background, other explanations for the difference between the present findings and those of Rapp and colleagues should be considered. As emphasized by Rapp and others, linkage studies in which a single genetic marker is found to cosegregate with a complex phenotype must be interpreted with caution (13, 14) . Linkage between a marker and BP indicates only that the marker lies in a broad chromosome region that contains a BP-regulatory locus. Thus, the results of the original linkage studies in Dahl S and R rats may reflect the presence of a BP quantitative trait locus (QTL) located at some distance from the renin locus on chromosome 13. It is possible that, in the back-cross breeding process used to create the congenic lines, a BP QTL linked to the S renin gene on chromosome 13 was lost through recombination and not transmitted to the R congenic strain. Accordingly, the BP of the R congenic strain may reflect only the isolated effect of the Dahl S renin gene, and not the effect of a linked gene that promotes increased BP. If so, studies in congenic strains that carry different overlapping segments of chromosome 13 should be useful for mapping the BP QTL detected in linkage studies in Dahl S and R rats. Finally, it is possible that differences in the duration of NaCl feeding or in other environmental factors (e.g., stress associated with the BP measurements) might contribute to the different BP results in the congenic strains versus those in the segregating populations studied by Rapp and colleagues.
It might seem paradoxical to suggest that the hypertensive Dahl S strain carries a renin allele that promotes lower BP than the renin allele fixed in the normotensive Dahl R strain. However, the fact that the BP of the Dahl S strain is much greater than that of the Dahl R strain does not imply that every BP gene in the S strain promotes greater pressure than every BP gene in the R strain. Hypertension in the S rat stems from the net effect of multiple genes on BP, some of which may promote increased BP and some of which may promote decreased BP. Thus, it should not be surprising if the Dahl S strain has fixed a renin allele that promotes lower BP than the renin allele fixed in the Dahl R strain.
In genetic studies in the spontaneously hypertensive rat (SHR) and the Lyon hypertensive (LH) rat, renin gene polymorphisms have also been linked to effects on BP (3, 38, 39) . Specifically, the renin alleles of the SHR and of the LH strain have been found to cosegregate with greater BP than those of the Brown Norway, Lewis, and Lyon normotensive strains. Based on haplotype analysis, it appears that both the SHR and LH rat carry the same molecular variant of renin that is found in the Dahl R rat (13) . Thus, even though renin gene polymorphism may not contribute to hypertension in the Dahl model, it is possible that molecular variants of the renin gene contribute to increased BP in other models of hypertension. The fact that pharmacologic blockade of the RAS is much more effective in lowering BP in SHR than in Dahl S rats is consistent with this hypothesis (40) .
In summary, we have found that transfer of the renin gene and a portion of chromosome 13 from the Dahl S rat into the Dahl R rat induces decreases in kidney renin gene expression, plasma renin concentration, and BP. These findings demonstrate that, in the Dahl S rat, molecular variants in or near the renin gene are not sufficient to promote hypertension in the Dahl R strain. However, the occurrence of coincident reductions in kidney renin mRNA, plasma renin concentration, and BP after interstrain transfer of naturally occurring renin gene variants strongly suggests that genetically determined variation in renin gene expression can contribute to naturally occurring genetic variation in BP.
